Introduction
============

Cancer remains one of the deadliest diseases and causes millions of deaths every year. Currently, the anticancer drugs such as doxorubicin (Dox) that can induce cytotoxic activity by oxidative DNA damage and subsequent inhibition of topoisomerase II to block DNA replication inside the nucleus [@B1], have been well-received for cancer chemotherapy [@B2]-[@B6]. However, when administrated directly in vivo, Dox and other small-molecular drugs share similar disadvantages of short blood circulation time, life-threating cardiotoxicity, and multi-drug resistance after repeated administrations. To circumvent these limitations, researches on drug delivery systems have garnered burgeoning attention and advanced rapidly in nanomedicine. To date, there are a myriad of nanomaterials have been designed and synthesized to serve as drug delivery systems for combating cancer, among which, biologically compatible proteins are highly favorable for drug loading and in vivo drug delivery [@B4], [@B7]-[@B9], owing to their prominent merits of inherent biological origin, excellent biocompatibility and low immunogenicity.

Ferritin is a natural iron-storage protein assembled by the interaction of 24 polypeptide subunits which creates a spherical conformation with an external diameter of \~12 nm and an internal cavity of \~8 nm. The ferritin can be reversibly disassembled when the pH milieu becomes extremely acidic or basic, and the disassembled polypeptide subunits are able to self-assemble into intact ferritin again when the pH milieu returns to neutrality. Such an interesting pH triggered assembly and disassembly behavior makes it a good candidate as drug delivery system to encapsulate chemotherapeutic drugs into its hollow cavity for cancer chemotherapy. For example, the Dox molecules, as a kind of model drug, are reported to be encapsulated into ferritin for anticancer. Though much effort has been made to improve the Dox loading amount, including the fabrication of channel opened ferritin to facilitate drug loading [@B4], [@B10], [@B11], the in vivo therapeutic effectiveness is still unsatisfactory with such a monotherapy modality. Therefore, additional therapeutics is expected to combine with drug-loaded ferritin for high-efficient tumor regression.

Radiotherapy (RT), which utilizes ionizing radiation (X-ray) to cause DNA damage to ablate tumor without depth restriction [@B12], [@B13], is clinically employed to cooperate with chemotherapy. Recently, inorganic nanomaterials containing high Z elements (such as elements of Au [@B14]-[@B16], W [@B17], Bi [@B18]-[@B24], etc.) have been widely investigated as nanoradiosensitizers. Compared with pure RT, during which high-energy X-rays are applied to tumorous regions to kill cancer cells, those nanoradiosensitizers that accumulate in tumorous regions through the enhanced permeability and retention (EPR) effect [@B25]-[@B27] can interact with X-rays, producing photoelectrons, compton electrons, and secondary charged particles to promote RT-induced cancer killing [@B15]. Therefore, nanoradiosensitizers-enhanced RT combines with drug-loaded ferritin hold out great promise for eventual effective tumor ablation, which, however, poses challenges for the material design based on ferritin.

Ferritin has attracted wide attention for its hollow cavity, with attention rarely being devoted to its polypeptide shell. Practically, the polypeptide shell of ferritin could also be used to synthesize nanotherapeutics, because growing evidences suggest that the functional groups (e.g., -SH, -NH~2~, -COOH) in the polypeptide can bind various metal ions, such as Cu^2+^, Ag^+^, Cd^2+^, etc. [@B18], [@B22], [@B28]-[@B32]. Thus, integrating nanoradiosensitizers on the shell of drug-loaded ferritin is feasible for combinational therapeutic benefits.

Herein, for the first time, a novel kind of ferritin nanotheranostic, with anticancer drug Dox encapsulated into its hollow interior and nanoradiosensitizer bismuth sulfide nanocrystals growing onto its polypeptide shell, was synthesized for computed tomography (CT) imaging-guided cancer combinational chemo-radiotherapy. The design concept of inlaying bismuth sulfide nanocrystals on the polypeptide shell of ferritin has the benefits as follows: strengthen the architectural stability of ferritin to prevent drug burst leakage during systemic circulation; act as contrast agents for CT imaging owing to large X-ray attenuation coefficient of bismuth element; promote the RT induced cancer cell-killing based on the radio-sensitization effect. More importantly, thanks to the Dox benefited chemotherapy of ferritin nanotheranostic, accompanying with bismuth sulfide nanoradiosensitizer-enhanced RT efficacy, the tumor growth was significantly inhibited and the survival rate of tumor-bearing mice was remarkably improved.

Results and Discussion
======================

Synthesis and characterizations of Dox\@AFBS
--------------------------------------------

The encapsulation of anticancer drug Dox into ferritin was according to the previous method with modifications [@B10]. Briefly, as illustrated in Figure [1](#F1){ref-type="fig"}A, apoferritin (AFn, iron-devoid spherical protein shell of ferritin) was dispersed in the Dox glycine-acetate buffer (pH \< 4) to disassemble the polypeptide subunits, then the solution was slowly adjusted to pH \~ 7.4 to reassemble AFn and dialyzed to remove free Dox molecules. Next, the Dox-loaded AFn (denote as Dox\@AFn) was incubated with mannitol stablized bismuth nitrate to form Dox\@AFn-Bi^3+^ complexes, followed by the addition of thioacetamide to provide sulfur source. After further reaction for 3 h at room temperature, the bismuth sulfide nanocrystals were synthesized on the protein shell of Dox\@AFn (denote as Dox\@AFBS). The photographs of AFn, Dox\@AFn and Dox\@AFBS solutions are displayed in Figure [1](#F1){ref-type="fig"}B, owing to the synthesis of bismuth sulfide nanocrystals onto the protein shell, the color of the obtained Dox\@AFBS solution was quite different from the Dox\@AFn and AFn solutions. However, the hydrodynamic size of Dox\@AFBS is almost identical to that of the Dox\@AFn and AFn solutions (Figure [S1](#SM0){ref-type="supplementary-material"}). Figure [1](#F1){ref-type="fig"}C presents the X-ray diffraction pattern of the Dox\@AFBS, whose diffraction peaks can be well indexed to the orthorhombic Bi~2~S~3~ (JCPDS Card No.17-0320). The transmission electron microscopy (TEM) image at low magnification demonstrates that the obtained Dox\@AFBS has a uniform size (Figure [1](#F1){ref-type="fig"}D), which is consistent with its hydrodynamic size result (Figure [S1](#SM0){ref-type="supplementary-material"}). The TEM image of an individual Dox\@AFBS (Figure [1](#F1){ref-type="fig"}E) reveals that the Bi~2~S~3~ nanocrystals indeed grow on the shell of AFn. Figure [1](#F1){ref-type="fig"}F shows the high resolution TEM image of selected area in Figure [1](#F1){ref-type="fig"}E, which further evidences the ultra-small Bi~2~S~3~ nanocrystals have been inlayed in the polypeptide subunits, and the d-spacing of lattice fringes was determined to be 0.357 nm, well in consistence with (130) lattice plane of orthorhombic Bi~2~S~3~ phase. The chemical composition of Dox\@AFBS was confirmed by energy-dispersive X-ray analysis, as shown in Figure [1](#F1){ref-type="fig"}G, the C, N and O elements mainly derived from AFn and Dox molecules, and Bi and S elements with atom ratio of about 2:3 (Table [S1](#SM0){ref-type="supplementary-material"}) stem from Bi~2~S~3~ nanocrystals. Together, these results manifest the successful synthesis of Bi~2~S~3~ nanoradiosensitizers onto the polypeptide shell of AFn.

Formation mechanism of Bi~2~S~3~ nanocrystals based on AFn
----------------------------------------------------------

The polypeptide of AFn was scarcely reported for the synthesis of inorganic nanoparticles, and this is the first endeavor to synthesize ultra-small Bi~2~S~3~ nanoradiosensitizers onto the polypeptide shell, thus figuring out the formation mechanism of Bi~2~S~3~ nanocrystals is of great significance. To directly investigate the formation mechanism of Bi~2~S~3~ nanocrystals based on AFn, drug unloaded AFn was incubated with mannitol stablized bismuth nitrate to form AFn-Bi^3+^ complexes, followed by the addition of thioacetamide and further reaction for 3 h at room temperature. The Bi~2~S~3~ nanocrystals synthesized with AFn (denote as AFBS) shows the microstructure similar to that of Dox\@AFBS (Figure [S2](#SM0){ref-type="supplementary-material"}). To further study the interaction between AFn and Bi~2~S~3~ nanocrystals detailedly, the fourier transform infrared spectroscopy (FTIR) of AFn, AFn-Bi^3+^, AFBS after reaction for 1 h (denote as AFBS-1 h), 2 h (denote as AFBS-2 h) and 3 h (denote as AFBS-3 h), respectively, were recorded and analyzed. As presented in Figure [2](#F2){ref-type="fig"}A, the peak at 663 cm^-1^ originates from the bending vibration of NH~2~, after adding bismuth source to AFn solution, the peak at 519 cm^-1^ corresponds to the bismuth vibration was observed [@B33], and meanwhile, the peak at 1388 cm^-1^ that mainly belongs to the bending vibrations of -OH and N-H groups [@B33], shifted to 1396 cm^-1^. These results indicate that there could be coordination interaction between Bi^3+^ ions and N-H groups of AFn, which was considered to be very beneficial for the nucleation of Bi~2~S~3~ nanocrystals onto the polypeptide shell of AFn. Furthermore, it is found that the aforementioned peaks show no obvious changes in the FTIR spectra of AFBS and AFn-Bi^3+^, suggesting that the coordination interaction between Bi^3+^ ions and N-H groups existed in the whole reaction process, which could be responsible for the stable nucleation and growth of Bi~2~S~3~ nanocrystals on the polypeptide shell of AFn.

Next, the circular dichroism (CD) spectroscopy which can reflect the conformational changes of the secondary structures of AFn in the reaction system, was utilized to further clarify the formation mechanism of the Bi~2~S~3~ nanocrystals based on AFn. As shown in Figure [2](#F2){ref-type="fig"}B, the CD spectrum of AFn displays a positive peak at 190 nm and two negative peaks at 209 nm and 222 nm, respectively. However, comparing the CD spectrum of AFn with that of AFn-Bi^3+^, the peak at 209 nm was observed to shift to a low wavelength and the intensities of all the peaks declined. Moreover, the addition of sulfur source and subsequent reaction for 3 hours further weakened the intensities of all the peaks. Based on the CD spectra, the conformational changes of AFn were calculated and summarized in Table [1](#T1){ref-type="table"}, which clearly reveals the continuous content decrease of α-Helix, the main secondary structure of ferritin. Particularly, much changes of α-Helix were observed for AFn-Bi^3+^ and AFBS-1 h. On average, there are 3.6 amino acid residues in every ring of α-Helix, thus the coordination interaction between Bi^3+^ ions and N-H groups might mainly locate in the α-Helix, which effectively accounts for the initial conformational changes of AFn-Bi^3+^. Furthermore, in combination with previous report that the hydrogen bond formed between the oxygen atom of the C=O group and the hydrogen atom of the N-H group is a key factor to stable the α-Helix structure [@B34], it can be inferred that the nucleation and growth of Bi~2~S~3~ nanocrystals benefited from the coordination interaction might have broken such hydrogen bond, resulting in the content decrease of α-Helix for AFBS-1 h, AFBS-2 h and AFBS-3 h, which thereafter transforms into other secondary structures, such as β-Sheet, Turn and Random coil. Additionally, the CD spectrum of AFBS-2 h is almost identical to that of AFBS-3 h, manifesting the further growth of Bi~2~S~3~ nanocrystals was prevented as a consequence of the space limitation of the secondary structures of the polypeptide. Therefore, the polypeptide of AFn not only provides nucleation sites for the Bi~2~S~3~ nanocrystals through coordination interaction, but also inhibits the further growth of Bi~2~S~3~ nanocrystals, rendering the Bi~2~S~3~ nanocrystals like rivets inlayed onto the polypeptide shell of AFn firmly.

Evaluations of drug loading and drug release of Dox\@AFBS
---------------------------------------------------------

Next, the drug loading of Dox\@AFBS was investigated. As shown in Figure [3](#F3){ref-type="fig"}A, the Dox\@AFn shows strong red fluorescence comparable to that of Dox molecules, which, however, attenuates after the inlay of Bi~2~S~3~ nanocrystals onto the polypeptide shell. This is because the fluorescence emission of Dox molecules encapsulated in the hollow cavity of AFn has been partially absorbed by the Bi~2~S~3~ nanocrystals on the shell. In addition, the UV-Vis spectroscopy was also employed to evaluate the drug loading. As shown in the Figure [3](#F3){ref-type="fig"}B, the UV-Vis absorption spectrum of Dox\@AFn retains the characteristic absorption peaks (480, 495 nm) of Dox molecules, and the zeta potential of Dox\@AFn is similar to that of AFn (Figure [S3](#SM0){ref-type="supplementary-material"}), demonstrating the Dox molecules were successful encapsulated into the interior of AFn rather than the outer surface. Moreover, such characteristic absorption of Dox also presents in the UV-Vis absorption spectrum of Dox\@AFBS, which simultaneously exhibits a broad absorption similar to that of AFBS, further evidencing the AFn can not only carry Dox molecules into its hollow cavity, but also facilitate the synthesis of Bi~2~S~3~ nanocrystals on the polypeptide. The Dox concentration was determined by measuring the UV-Vis absorbance at 480 nm and thereafter calculating based on the calibration curve of Dox (Figure [S4](#SM0){ref-type="supplementary-material"}), the concentrations of bismuth element and AFn were determined using inductively coupled plasma optical emission spectrometry (ICP-OES) and bicinchoninic acid protein assay, respectively. According to the calibration curve of Dox, ICP-OES and bicinchoninic acid protein analysis, it is estimated that the mass ratio of Dox to bismuth to AFn was 0.026: 0.21: 1 for the obtained Dox\@AFBS.

The drug stability of Dox\@AFBS was evaluated by incubating Dox\@AFBS in the normal physiological environment with a pH value of 7.4 at 37 °C, followed by the monitoring of Dox release. As shown in the Figure [3](#F3){ref-type="fig"}C, drug leakage was scarcely detected over 6 h period of incubation and no more than 10% drug leakage from Dox\@AFBS was detected post incubation for 3 days, which is highly favorable for systemic circulation without concerning about drug burst leakage. For comparison, we also evaluated the drug stability of Dox\@AFn and found that nearly 15% drug was leaked from Dox\@AFn during 3 days, which is higher than that of Dox\@AFBS. We speculate that the Bi~2~S~3~ nanocrystals inlayed onto the polypeptide shell of AFn might have strengthened the architectural stability of Dox\@AFBS.

Since AFn can disassemble into polypeptide subunits under acidic condition and release its payloads, the drug-releasing of Dox\@AFBS is evaluated by incubating Dox\@AFBS in different pHs of 5.4 and 6.4, which can simulate the lysosome environment of tumor cell and tumor microenvironment, respectively. As shown in the Figure [3](#F3){ref-type="fig"}D, no significant Dox release was observed when bathed in a pH 6.4 milieu for 5 h, and the amount of released Dox was no more than 10% after 24 h. In contrast, sustained Dox release was observed when bathed in a pH 5.4 milieu for 24 h and the release amount was up to 50%, which could attribute to the expansion of protein cage triggered by the more acidic condition. These results suggest that the Dox\@AFBS favors potential Dox release in acidic lysosome compartment of cancer cells.

In vitro cellular drug release and therapeutic benefit of Dox\@AFBS
-------------------------------------------------------------------

Before the investigation of cell uptake, we evaluate the dispersion stability of Dox\@AFBS in phosphate-buffered saline (PBS), fetal bovine serum (FBS) and Dulbecco\'s modified Eagle medium (DMEM). As shown in Figure [S5](#SM0){ref-type="supplementary-material"}, the Dox\@AFBS can stably dispersed in these media without precipitation, indicating that the Dox\@AFBS possesses excellent stability. Then Dox\@AFBS with a Dox concentration of 10 µg mL^-1^ was used to co-incubate with human cervical carcinoma (HeLa) cells for 1 h, 2 h and 4 h, followed by the detection of Dox fluorescence in HeLa cells with flow cytometry. As shown in Figure [4](#F4){ref-type="fig"}A, the intracellular Dox fluorescence gradually increases when prolongs the incubation time from 1 h to 4 h, indicating the Dox\@AFBS has been endocytosed into HeLa cells.

To further study the Dox release in cancer cells triggered by the endogenic acidic stimulus, LysoTracker Green labeled lysosome and 4\',6-diamidino-2-phenylindole (DAPI) stained nucleus of HeLa cells incubated with Dox\@AFBS over time were monitored using confocal laser scanning microscopy. As shown in Figure [4](#F4){ref-type="fig"}B, bright yellow fluorescence as a result of the co-localization between Dox\@AFBS and lysosomes can be clearly observed after incubation for 4 h, evidencing that the Dox\@AFBS was located in lysosomes. Moreover, a small amount of red Dox fluorescence can also be visualized in the nucleus, indicating a part of Dox molecules have been released from Dox\@AFBS triggered by the acidic milieu in lysosomes and thereafter delivered into cell nucleus. After prolonging the incubation time to 12 h, we found that yellow fluorescence declined, whereas bright red Dox fluorescence throughout the cell nucleus (Figure [4](#F4){ref-type="fig"}C), manifesting that most of Dox\@AFBS were escaped from the lysosomes, and substantial Dox molecules were released and delivered into cell nucleus, which was highly beneficial for cancer cell-killing.

The in vitro treatment effect of Dox\@AFBS was examined by a standard cell counting kit-8 (CCK-8) assay. The cytotoxicity of AFBS at various bismuth concentrations was tested through incubating with HeLa cancer cell and HUVE (human umbilical vein endothelial) normal cell for 24 h. The results show that the AFBS has little effects on cell viability, even at a high bismuth concentration up to 200 μg mL^-1^ (Figure [5](#F5){ref-type="fig"}A). For in vitro RT analysis, HeLa cells incubated with AFBS at various bismuth concentrations were radiated under clinical 220 keV X-rays at a dose of 8 Gy (denote as AFBS+RT). As shown in Figure [5](#F5){ref-type="fig"}B, cells treated with AFBS+RT exhibit lower cell viability compared with pure RT, and cell viability is significantly decreased with AFBS+RT if the bismuth concentration is higher than 100 μg mL^-1^, indicating the efficient radio-sensitization effect of AFBS. The cytotoxicities of Dox\@AFBS, Dox\@AFn and Dox were also parallelly evaluated. The results reveal that both Dox\@AFBS and Dox\@AFn were as toxic as free Dox against HeLa cells at a high Dox concentration. However, Dox\@AFBS and Dox\@AFn show a little more toxic than free Dox to cancer cells at a low Dox concentration of \<6.25 µg mL^-1^, which might attribute to the faster endocytosis of Dox enabled by AFn nanocarrier (Figure [5](#F5){ref-type="fig"}C). For combinational treatment analysis, cells incubated with Dox\@AFBS were subjected to RT treatment. As indicated in Figure [5](#F5){ref-type="fig"}D, much enhanced inhibition of cell proliferation was achieved owing to the extra radio-sensitization effect of Bi~2~S~3~ nanoradiosensitizers.

In vivo imaging-guided combinational treatment
----------------------------------------------

Prior to in vivo tumor treatment, the tumor accumulation of Dox\@AFBS was investigated by imaging, since the large X-ray attenuation coefficient of bismuth element enables Dox\@AFBS as contrast agent for CT imaging. As shown in Figure [6](#F6){ref-type="fig"}A, the CT imaging performance can be directly visualized through a set of CT images of Dox\@AFBS solutions with different bismuth concentrations. Hounsfield unit (HU) value and Dox\@AFBS concentration present an linearity with a slope up to \~126.8 HU L·g^-1^ (Figure [6](#F6){ref-type="fig"}B), which is much higher than that of the clinically used CT contrast agent iopromide (15.9 HU L g^-1^) [@B22]. Encouraged by the in vitro strong CT contrast peformance, Dox\@AFBS with a bismuth dose of 30 mg kg^-1^ and Dox dose of 3.75 mg kg^-1^, was further intravenously (i.v.) injected into HeLa tumor-bearing mice, and in vivo CT images were acquired pre-injection and at 24 h post-injection. As shown in Figure [6](#F6){ref-type="fig"}C, the CT contrast of tumor increases from 21.25 HU to 46.42 HU, indicating the effective tumor accumulation of Dox\@AFBS through the EPR effect. The tumor accumulation of Dox\@AFBS was also verified by ICP-OES quantitative analysis. The results reaveal that Dox\@AFBS shows longstanding retention in tumor and reaches a maximal tumor accumulation at 24 h post-injection, with a tumor uptake value of 0.585% injected dose (Figure [S6](#SM0){ref-type="supplementary-material"}), which is comparable to the reported tumor uptake level of \~0.6% for a majority of nanomaterials [@B35].

Motivated by the excellent in vitro combinational chemo-radiotherapy effect and the effective tumor accumulation, in vivo tumor treatment was further conducted. The HeLa tumor bearing mice were randomly divided into eight groups, i.e., control, Dox, Dox\@AFn, AFBS, RT, AFBS+RT, Dox+RT, and Dox\@AFBS+RT groups, respectively. The clinical 220 keV X-ray at a dose of 8 Gy was used for RT treatment and the X-ray radiation area was fixed at 10 mm×10 mm which is enough to cover the tumor of a mouse. The mice in all groups received one injection, and the injected dose of bismuth and Dox is 30 mg kg^-1^ and 3.75 mg kg^-1^, respectively. The RT treatment was conducted at 24 h post-injection due to the above disscussed maximal tumor accumulation of Dox\@AFBS at this time point. After various treatments, the tumor volume and body weight of mice were recorded every 3 days. As shown in Figure [6](#F6){ref-type="fig"}D, the AFBS group presents a tumor growth curve similarly to that of the control group, indicating AFBS has no therapeutic effect on the tumor. Compared with the RT group that the X-ray irradiation was only able to partially inhibit the tumor growth, the AFBS+RT group shows significant tumor growth inhibition, due to the radiosensitizing effect of Bi~2~S~3~ nanoradiosensitizers on the polypeptide shell of AFn. Moreover, because of the effective intratumor delivery of Dox molecules by AFn nanocarrier through EPR effect, the tumor growth in Dox\@AFn group compared with direct Dox administration group, was obviously inhibited. Most remarkbly, it is found that the Dox\@AFBS+RT group exhibits the most effective tumor growth inhibition effect, which is mainly attributed to the combinational effect of intratumor Dox delivery with AFn and radio-sensitization with Bi~2~S~3~ nanocrystals inlayed on AFn. The corresponding photos of mice after various treatments are shown in Figure [6](#F6){ref-type="fig"}E, it is evident that the Dox\@AFBS+RT treated mice show the smallest tumor size. Meanwhile, the weights of mice in Dox\@AFBS+RT group are stably increasing during the treatment period, indicating the negligible adverse effects of such combinational treatment protocol on the mice (Figure [6](#F6){ref-type="fig"}F). To further evaluate the therapy efficacy, 3 days after various treatments had been administered, tumors from different groups were dissected for hematoxylin and eosin (H&E) staining. As shown in Figure [6](#F6){ref-type="fig"}G, the condensation of nuclear chromatin and cytoplasmic shrinkage are the typical characteristics of cell apoptosis, clearly demonstrating the Dox\@AFBS+RT therapeutic protocol causes the most severe damage to tumor by inducing tumor cell apoptosis. The remarkably improved survival rate of Dox\@AFBS+RT treated mice further confirms such highly efficient therapeutic effect (Figure [6](#F6){ref-type="fig"}H).

Biosafety of combinational treatment
------------------------------------

Furthermore, the biosafety of Dox\@AFBS+RT combinational therapeutic protocol was assessed. The Dox\@AFn has been previously evaluated of excellent biosafety that significantly reduced healthy organ drug exposure [@B4], thus we examined the biodistribution of bismuth element in main tissues of mice. The tumor-bearing mice after receiving administration of Dox\@AFBS were sacrificed at the indicated time points, and then the bismuth contents in the main organs were analyzed using ICP-OES. As shown in Figure [7](#F7){ref-type="fig"}A, the Dox\@AFBS mainly accumulates in reticuloendothelial systems such as liver and spleen after administration for 1 day, a typical phenomenon for the nanomaterials after systemic administration. But it was quickly eliminated from liver and spleen on the 2^nd^ day, with continuous elimination in the following days. Despite Dox\@AFBS shows accumulation in lung at 4 h post administration, rapid elimination was observed on the 1^st^ day. Because of the urine pathway for in vivo clearance, a small quantity of bismuth element was detected in the kidney during the whole treatment period of 12 days. Therefore, we speculate that the Dox\@AFBS was mainly excreted from body through feces. It is noteworthy that bismuth element was scarcely detected in the heart, suggesting the low accumulation of Dox\@AFBS within heart, thus the chemotherapy with risk of cardiotoxicity can be effectively circumvented. It is calculated that less than 15% injected dose of bismuth per gram of tissues (ID g^-1^) can be detected from the normal tissues of mice after administration for 12 days, indicating the effective excretion of Dox\@AFBS, which largely relieves the mice from potential long-term toxicity caused by nanomaterials without biodegradation and clearance in vivo. Moreover, H&E-stained major tissues from mice in Dox\@AFBS+RT group were also analyzed on the 12^th^ day, which shows no histological lesions in comparison with control group (Figure [7](#F7){ref-type="fig"}B). Together, these results effectively manifest that the Dox\@AFBS+RT therapeutic protocol is of high biosafety.

Conclusions
===========

A novel kind of ferritin nanotheranostic (i.e., Dox\@AFBS), with anticancer-drug Dox encapsulated into its hollow interior and Bi~2~S~3~ nanocrystals inlayed onto its polypeptide shell, was firstly constructed for CT imaging-guided cancer combinational treatment. The coordination interaction between Bi^3+^ ions with N-H groups facilitates the nucleation of Bi~2~S~3~ nanocrystals on the secondary structures of the polypeptide. Because of the space limitation of the secondary structures of the polypeptide, the further growth of Bi~2~S~3~ nanocrystals was prevented, rendering the Bi~2~S~3~ nanocrystals like rivets firmly inlaying onto the polypeptide shell of ferritin. The Bi~2~S~3~ nanocrystals onto the polypeptide shell can strengthen the architectural stability of Dox\@AFBS to prevent drug burst leakage, while the encapsulated Dox molecules can selectively release in the mildly acidic lysosome compartment and induce cancer cells death consequently. Moreover, the Bi~2~S~3~ nanocrystals onto the polypeptide shell can act as contrast agents for CT imaging, which can indicate the efficient tumor accumulation of Dox\@AFBS through EPR effect after systemic administration, offering imaging guidance for in vivo cancer treatment. More importantly, the enhancement of RT efficacy based on Bi~2~S~3~ nanoradiosensitizer, together with the combinational effect of chemotherapy, significantly inhibit the tumor growth and remarkably improve the survival rate of tumor-bearing mice. In addition, such combinational treatment protocol was evaluated of high biosafety, inducing no harms on the mice. It is worth noting that our design concept of inlaying ultra-small nanocrystals onto the polypeptide shell of ferritin not only further broadens its application in nanomedicine, but also provides a new idea for the construction of multifunctional core-shell nanostructures based on ferritin, which may show unique advantages in other research fields.

Materials and Methods
=====================

Materials
---------

The Dox was obtained from Sangon Biotech. Horse spleen apoferritin was obtained from Sigma-Aldrich. Bismuth nitrate and mannitol were obtained from Aladdin Industrial Co. Thioacetamide was obtained from J&K Chemical Co. Hydrochloric acid, glycine, and sodium hydroxide was obtained from Sinopharm Chemical Reagent Co. All chemicals were used as received without further purification.

Preparation of Dox\@AFBS
------------------------

The Dox loading was prepared as described by Kilic et al.[@B10] with modifications. Briefly, apoferritin (10 mg) was dispersed in Dox (1 mg/mL) glycine-hydrochloric acid buffer (pH \< 4) to disassemble the polypeptide subunits. The pH of the mixture was slowly adjusted to 7.4 with sodium hydroxide (1 M) to resemble the polypeptide subunits. The resulting solution was dialyzed for 24 h to remove free Dox molecules. Then, the Dox-loaded apoferritin (10 mg of apoferritin) was incubated with mannitol stablized bismuth nitrate (200 mM, 200 µL), followed by the addition of thioacetamide (300 mM, 200 µL) and further reaction for 3 h at room temperature.

Characterization of Dox\@AFBS
-----------------------------

TEM images and Energy-dispersive X-ray analysis were obtained with JEM-2100F. X-ray diffraction measurement was conducted on a Rigaku D/MAX-2250 V instrument (Cu Kα radiation, λ = 0.154056 nm, scanning rate of 4° min^-1^). Fluorescence spectra and UV-Vis spectra were recorded on a SHIMADZU RF-6000 spectrophotometer and SHIMADZU UV-2600 spectrophotometer, respectively. Elemental quantitative analysis was determined using ICP-OES. Protein quantification was determined using bicinchoninic acid protein assay. The secondary structure of protein was analyzed using chirascan CD spectrometer.

Dox releasing of Dox\@AFBS
--------------------------

The Dox\@AFBS dispersed in dialysis bag (MW 3600) was incubated with 20 mL of PBS (pH 6.4 or 5.4) at 37 °C. At indicated time points, withdraw 1 mL of release medium and replenish an equal volume of blank medium. The release medium was diluted and assayed by UV-Vis spectra. The released Dox at different incubation times was calculated by the calibration curve of Dox.

Cellular culture
----------------

HeLa and HUVE cells were cultured in DMEM containing 10 % FBS and 1 % penicillin/streptomycin at 37 °C in humidified atmosphere with 5% CO~2~.

Cellular uptake assay by flow cytometry and confocal laser scanning microscopy
------------------------------------------------------------------------------

For flow cytometry ananlysis, HeLa cells were seeded in the 6-well plates (2 × 10^5^ cells in 1 mL of DMEM per disk) and incubated for 24 h. Then Dox\@AFBS with Dox concentration of 10 µg mL^-1^ was added to the wells. After incubation for 1 h, 2 h and 4 h at 37 °C, the cells were washed with PBS and detached with trypsin. Finally, the cells were resuspended in 400 μL of PBS for flow cytometric analysis on the BD FACSVerse™. For confocal laser scanning microscopy observation, HeLa cells were seeded in the culture disk (10^5^ cells in 1 mL of DMEM per disk) and allowed to adhere overnight. Then Dox\@AFBS were added to the disk. After incubation for 4 h and 12 h, the cells were washed with PBS and labeled with LysoTracker Green and stained with DAPI for confocal laser scanning microscopy (FV 1000, Olympus) imaging.

In vitro cytotoxicity assay
---------------------------

HeLa and HUVE cells were seeded in 96-well plates in sextuplicate (10^4^ cells in 100 μL of DMEM per well) and allowed to adhere overnight. Then the medium was replaced with fresh culture medium containing AFBS with different bismuth concentrations. After incubation for 24 h, the standard CCK-8 assay was used to evaluate the cell viabilities relative to the control group. For in vitro RT analysis, HeLa cells incubated with AFBS at various bismuth concentrations were radiated under clinical 220 keV X-rays at a dose of 8 Gy, and the cell viability was evaluated by the CCK-8 assay. For chemotherapy analysis, HeLa cells were incubated with Dox\@AFBS, Dox\@AFn and Dox, respectively, for 24 h, and the cell viability was evaluated by the CCK-8 assay. For combinational treatment analysis, cells incubated with Dox\@AFBS were subjected to RT treatment, and the cell viability was evaluated by the CCK-8 assay.

Xenograft tumor model
---------------------

All animal experiments operations were in accord with the statutory requirements of People\'s Republic of China and care regulations approved by the administrative committee of laboratory animals of Shanghai Jiao Tong University. The xenograft HeLa tumor models were established by subcutaneous injection of 6 × 10^6^ HeLa cells in 100 μL PBS into each mouse. When the tumor volume is above 75 mm^3^, different treatments were carried out.

CT imaging
----------

For in vitro CT imaging of Dox\@AFBS at different bismuth concentrations, CT signal intensities in the region of interest were measured using a CT imaging system (SOMATOM Definition Flash, SIEMENS, Germany) with 80 kV, 50 mA and a slice thickness of 0.6 mm. For in vivo CT imaging, Dox\@AFBS with a bismuth dose of 30 mg kg^-1^ and Dox dose of 3.75 mg kg^-1^, was i.v. injected into HeLa tumor-bearing mice, and in vivo CT images were acquired pre-injection and at 24 h post-injection.

Biodistribution
---------------

The HeLa tumor-bearing mice after receiving administration of Dox\@AFBS (bismuth dose of 30 mg kg^-1^ and Dox dose of 3.75 mg kg^-1^) were sacrificed at the indicated time points (4 h, 1 d, 2 d, 6 d, 9 d and 12 d), and the bismuth contents in the main organs were analyzed using ICP-OES.

In vivo tumor therapy
---------------------

HeLa tumor-bearing mice were randomly divided into eight groups (n = 5): i.e., control, Dox, Dox\@AFn, AFBS, RT, AFBS+RT, Dox+RT, and Dox\@AFBS+RT groups. The clinical 220 keV X-ray at a dose of 8 Gy was used for RT treatment, and the X-ray radiation area was fixed at 10 mm×10 mm. The bismuth dose is 30 mg kg^-1^ and Dox dose is 3.75 mg kg^-1^. After various treatments, the weights of mice, and the lengths and widths of the tumors were recorded every 3 days for 12 days. The tumor volume was calculated according to the following formula: volume = width^2^ × length/2. After various treatments for 3 days, tumors from different groups were dissected for H&E staining. After treatment for 12 days, H&E-stained major tissues from mice in Dox\@AFBS+RT group were analyzed.

Statistical analysis
--------------------

Quantitative data are expressed as mean ± standard deviation. Statistical comparisons were conducted by using one-way analysis of variance. Statistical significance was established at a value of p \< 0.05.
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Dox

:   doxorubicin

RT

:   Radiotherapy

EPR

:   enhanced permeability and retention

CT

:   computed tomography

AFn

:   apoferritin

Dox\@AFn

:   Dox-loaded AFn

Dox\@AFBS

:   Bi~2~S~3~ nanocrystals synthesized on the Dox\@AFn

TEM

:   transmission electron microscopy

AFBS

:   Bi~2~S~3~ nanocrystals synthesized with AFn

FTIR

:   fourier transform infrared spectroscopy

CD

:   circular dichroism

PBS

:   phosphate-buffered saline

FBS

:   fetal bovine serum

DMEM

:   Dulbecco\'s modified Eagle medium

DAPI

:   4\',6-diamidino-2-phenylindole

CCK-8

:   cell counting kit-8

ICP-OES

:   inductively coupled plasma optical emission spectrometry

HU

:   Hounsfield unit

i.v.

:   intravenously

H&E

:   hematoxylin and eosin

![(A) Synthetic procedures of Dox\@AFBS. (B) Photograph of obtained AFn, Dox\@AFn and Dox\@AFBS aqueous solutions. (C) X-ray diffraction pattern of the Dox\@AFBS. TEM images of Dox\@AFBS at (D) low and (E, F) high magnifications. (G) Corresponding energy-dispersive X-ray analysis.](thnov09p2779g001){#F1}

![(A) The FTIR spectra of AFn, AFn-Bi^3+^ and AFBS (-1 h, -2 h, -3 h). (B) The CD spectra of AFn, AFn-Bi^3+^ and AFBS (-1 h, -2 h, -3 h).](thnov09p2779g002){#F2}

![(A) Fluorescence spectra of Dox, Dox\@AFn and Dox\@AFBS solutions excited at 470 nm. (B) UV-Vis absorption spectra of AFn, Dox\@AFn, AFBS and Dox\@AFBS solutions. (C) Drug stability analysis of Dox\@AFBS and Dox\@AFn incubated in buffer with a pH value of 7.4 at 37 °C for 3 days. (D) Dox release from Dox\@AFBS at pH 5.4 and pH 6.4 at 37 °C.](thnov09p2779g003){#F3}

![(A) Uptake analysis of Dox\@AFBS in HeLa cells with flow cytometry. Confocal fluorescence images of cells after incubation with Dox\@AFBS for (B) 4 h and (C)12 h. The nucleus and lysosomes were stained by LysoTracker Green and DAPI, respectively. Yellow fluorescence refers to the merge of red and green fluorescence. The bright field shows the morphology of HeLa cells. Scale bars are 10 μm.](thnov09p2779g004){#F4}

![(A) Relative cell viability of HeLa and HUVE cells treated with AFBS at various bismuth concentrations. (B) Relative cell viability of HeLa cells treated with AFBS at various bismuth concentrations under radiation dose of 8 Gy. (C) Relative cell viability of HeLa cells treated with Dox, Dox\@AFn and Dox\@AFBS at various Dox concentrations. (D) Relative cell viability of HeLa cells treated with Dox\@AFBS under radiation dose of 8 Gy.](thnov09p2779g005){#F5}

![(A) In vitro CT images of Dox\@AFBS solutions with different bismuth concentrations. (B) CT contrast of Dox\@AFBS as a function of bismuth concentration. (C) In vivo CT images of HeLa tumor-bearing mice pre and post i.v. injection of Dox\@AFBS. (D) Tumor growth curves of mice after various treatments for 12 days (n = 5, mean ± standard deviation, \*P \< 0.05, one-way analysis of variance). (E) Digital photos of tumor-bearing mice in different groups taken on the 0, 6 and 12^th^ day after treatment. (F) Corresponding body weights of mice after various treatments for 12 days. (G) Micrographs of H&E-stained tumor slices collected from different groups of mice on the third day after treatment. Scale bars are 50 μm. (H) The survival rate of mice after various treatments.](thnov09p2779g006){#F6}

![(A) Time-dependent biodistribution of bismuth element \[% injected dose (ID) of bismuth per gram of tissues\] in main tissues of mice after i.v. injection of Dox\@AFBS. (B) Micrographs of H&E-stained major tissues from mice in control and Dox\@AFBS+RT groups after treatments for 12 days. Scale bars are 100 μm.](thnov09p2779g007){#F7}

###### 

Conformational changes of the secondary structures of AFn, AFn-Bi^3+^ and AFBS (-1 h, -2 h, -3 h).

               α-Helix   β-Sheet   Turn    Random coil
  ------------ --------- --------- ------- -------------
  AFn          0.598     0.073     0.134   0.182
  AFn-Bi^3+^   0.438     0.144     0.177   0.256
  AFBS-1 h     0.325     0.168     0.211   0.306
  AFBS-2 h     0.277     0.196     0.220   0.287
  AFBS-3 h     0.254     0.219     0.220   0.282
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